The submonolayer density of two-dimensional ͑2D͒ islands in Si/ Si͑111͒-7 ϫ 7 molecular beam epitaxy is measured using scanning tunneling microscopy. At a relatively low deposition temperature of 673 K, the density of 2D islands is a power function of the deposition flux N 2D ϰ F with the exponent = 0.24 being smaller than that predicted by the standard nucleation theory. The nonstandard scaling of the 2D island density is explained by the multistage character of the nucleation process on the Si͑111͒-7 ϫ 7 surface which involves consecutive stages of formation of stable Si clusters, formation of pairs of clusters, and transformation of the cluster pairs to 2D islands. Using an extended rate-equation model, we analyze the temperature and growth rate dependencies of the density of single clusters, cluster pairs, and 2D islands and show that an activation barrier of ϳ1.26 eV delays the transformation of cluster pairs to 2D islands. The delayed transformation of cluster pairs to 2D islands is the reason for the nonstandard scaling of the 2D island density observed at low deposition temperatures.
I. INTRODUCTION
The nucleation of two-dimensional ͑2D͒ islands in submonolayer epitaxial growth attracts considerable attention because of potential applications of the arrays of ultrasmall islands with high density in nanoelectronics. 1 On the other hand, the collective properties of island arrays, such as the density of 2D islands and their size distribution, are very sensitive to details of adatom hopping and bonding, thus making those fundamental processes in a certain sense accessible by the surface imaging techniques, e.g., by the scanning tunneling microscopy ͑STM͒.
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The standard nucleation scenario, 9 usually considered in the context of molecular beam epitaxy ͑MBE͒, includes random deposition of atoms on the surface followed by their random migration. Migrating adatoms meet each other and create clusters on the surface. It is assumed that there exists a critical cluster size i * , such that clusters containing i * and less atoms are unstable and most probably dissociate into adatoms with time. Clusters containing more than i * atoms are assumed to be stable against dissociation and grow further by capturing migrating adatoms. 10, 11 As can be seen, in this standard nucleation scenario, a cluster becomes a 2D island whenever its size exceeds the critical value i * . This presumes correct epitaxial arrangement of atoms in the critical cluster-an assumption which usually works well if the surface atoms are kept in the bulklike positions but may often be wrong if the surface is reconstructed. 12 For instance, the Si͑111͒ surface is characterized by a very stable and complicated ͑7 ϫ 7͒ surface reconstruction. The ͑7 ϫ 7͒ reconstruction unit cell consists of two triangular subunits. In the unfaulted half unit cell ͑HUC͒, the stacking sequence corresponds to the normal ͑bulk͒ stacking, while the layers in the faulted HUC form a stacking fault with respect to the bulk. 13 Due to the presence of the reconstruction, it is expected that the nucleation of 2D islands does not follow the simple scenario described in the previous paragraph.
At typical growth temperatures ͑600-900 K͒, submonolayer deposition of silicon on the Si͑111͒-7 ϫ 7 surface results in the formation of two types of objects: small clusters occupying the half unit cells of the surface reconstruction and 2D islands that extend over plural HUCs. 14 Small clusters have a height of ϳ1 / 3 of the step height on Si͑111͒ and show no epitaxial arrangement of the constituting atoms. 15 On the contrary, the height of 2D islands equals to the step height and the characteristic reconstruction pattern can be seen in high resolution STM images. 14, 15 Another important property distinguishing small clusters from 2D islands is that small clusters do not grow above a limiting size 16 of about eight atoms. 17, 18 To emphasize an enhanced stability of small clusters on Si͑111͒-7 ϫ 7, they are sometimes called "magic" clusters. 19 Evidently, the presence of these clusters which on a certain time scale neither grow nor decay may substantially modify the nucleation kinetics. Since the formation of a cluster leaves the surface reconstruction intact, it is easier to form a cluster than a 2D island. So, the onset of the 2D nucleation may be delayed due to accumulation of adatoms to small clusters. On the other hand, the material accumulated in the clusters may assist otherwise impeded reconstruction removal. 20, 21 A plausible scenario of the nucleation process on Si͑111͒-7 ϫ 7 was proposed by Tochihara and Shimada. 20 According to Ref. 20 , the nucleation of a 2D island on Si͑111͒-7 ϫ 7 involves formation of a group of three clusters in neighboring half unit cells followed by their coalescence with simultaneous conversion of the stacking fault underneath the central cluster to the normal stacking. This coalescence-destruction mechanism was treated on a more quantitative level by Thibaudau 22 who derived an expression for the density of 2D islands as a function of the growth temperature and deposition rate. However, the three clusters involved into the nucleation were considered as an entity in Ref. 22 , which appears to be a rather crude approximation bearing in mind the experimental observations available.
For instance, recently, we have shown that the nucleation of a 2D Si island on Si͑111͒-7 ϫ 7 predominantly proceeds via formation of a critical nucleus consisting of a pair of clusters sitting in two halves of the same unit cell plus a certain number of additional adatoms loosely bonded to the clusters. 23 The small clusters constituting the cluster pair form one by one, so that the 2D nucleation represents a multistage process. In the present paper, the mechanism of 2D nucleation on Si͑111͒-7 ϫ 7 is explored in more detail using STM experiments and a rate-equation theory. It is shown that the submonolayer density of 2D Si islands on Si͑111͒-7 ϫ 7 obeys a power-law dependence on the deposition flux N 2D ϰ F with the scaling exponent = 0.24 being smaller than the smallest value allowed by the standard nucleation theory. 10, 11 To explain this nonstandard scaling of the 2D island density, an extended rate-equation model is proposed. The model takes into account the multistage character of the nucleation process on the Si͑111͒-7 ϫ 7 surface and allows a unified description of the densities of small clusters and 2D islands. With this model, we obtain a set of scaling exponents for small clusters, cluster pairs, and 2D islands in the different regimes of growth and show that the accumulation of cluster pairs due to their delayed transformation to 2D islands may be responsible for the nonstandard scaling of the 2D island density observed in the experiment.
II. EXPERIMENT
Experiments were performed in an ultrahigh vacuum chamber with a base pressure less than 3 ϫ 10 −11 mbar. The clean defect-free Si͑111͒-7 ϫ 7 surface was prepared by in situ annealing at 1500 K and slow cooling down to the growth temperature. The temperature of the substrate was measured using an infrared pyrometer. As a source of Si, an evaporator with a tantalum crucible heated by electron bombardment was used. The deposition flux was controlled by a quartz crystal balance monitor and using the coverage estimated from the STM images. The STM images were taken at room temperature in the constant current mode at a sample bias voltage between +2 and −2 V and tunneling current of 0.1 nA.
A. Nucleation mechanism
Small Si clusters and 2D Si islands were created on Si͑111͒-7 ϫ 7 by deposition of 0.2 BL ͑bilayer͒ Si ͑1 BL = 1.56ϫ 10 15 atoms/ cm 2 ͒. An example of the surface morphology after deposition of 0.2 BL Si at T = 680 K and F = 0.4 BL/ min is shown in Fig. 1͑a͒ . In accordance with our earlier observations, three types of objects can be identified on the surface: 23 2D islands, single clusters, and cluster pairs ͓see Fig. 1͑a͔͒ . Cluster pairs could also be seen in the STM images obtained by other authors. 15, 16, 24 One should emphasize that pairs of clusters are present at the surface at a density larger than one would expect if they were created by a random allocation of single clusters. For instance, at T = 613-680 K and F = 0.4 BL/ min, the measured density of cluster pairs is two to four times higher than expected for random distribution of clusters on the surface ͑see Ref. 23 for details͒. This shows that a preference in the filling of a half unit cell exists nearby a HUC already occupied by a cluster.
The smallest 2D island observed by STM ͓marked by a circle in Fig. 1͑a͔͒ has a size of one unit cell of the ͑7 ϫ 7͒ reconstruction. The assignment of this island as a 2D island is obtained by its height and by the observation of adatoms with the characteristic reconstruction signature. Together with the preferred formation of cluster pairs, this suggests that the nucleation of a 2D Si island on Si͑111͒-7 ϫ 7 is a multistage process that includes ͑i͒ formation of a stable cluster in an unoccupied HUC, ͑ii͒ formation of the second stable cluster in a neighboring HUC of the same unit cell, and ͑iii͒ local reconstruction removal and transformation of the cluster pair to a 2D island ͓see Fig. 1͑b͔͒ .
An important property of this multistage nucleation scenario is that intermediate products of the nucleation "reaction" are stable objects. To assess the time scale on which small Si clusters do not decay, one may refer to the STM experiments of Hwang et al. 19 who observed the motion of small Si clusters on the Si͑111͒-7 ϫ 7 surface. The residence time of a cluster in a half unit cell was about 120 s at T = 723 K. 19 Although it is not clear whether the cluster motion was due to the cluster decomposition followed by their reintegration or, as claimed in Ref. 19 , clusters perform long jumps, one may conclude that at T = 723 K, the clusters neither decay nor migrate, at least on the time scale of 120 s. Three types of objects can be seen: 2D islands, single clusters, and cluster pairs. The smallest 2D island marked by a circle has a size of one unit cell. ͑b͒ Multistage nucleation pathway on Si͑111͒-7 ϫ 7: ͑i͒ migrating adatoms form single clusters, ͑ii͒ single clusters stimulate appearance of cluster pairs, and ͑iii͒ the pairs transform to 2D islands.
Therefore, the clusters observed in our experiments ͑T ഛ 723 K, deposition time shorter than 60 s͒ can be considered as stable objects.
B. Density of 2D islands and small clusters
Valuable information regarding the mechanism of 2D island nucleation can be gained from an analysis of the density of 2D islands N 2D as a function of the deposition flux F. For instance, measuring the N 2D ͑F͒ dependence, one could check whether the nucleation process follows the standard nucleation scenario or not. The standard nucleation theory 10, 11 predicts a power-law scaling of the saturation density of 2D islands with the deposition flux: N 2D ϳ F , where = i * / ͑i * +2͒ varies from 1 / 3 at i * = 1 to 1 in the limit of large critical sizes. Any value of beyond this interval would indicate that the nucleation process is more complicated than that considered by the standard model.
The flux dependencies of the densities of 2D islands, single clusters, and cluster pairs on Si͑111͒-7 ϫ 7 were measured at two growth temperatures ͑Fig. 2͒. The experiment shows that the density of 2D islands is indeed a power function of the deposition flux F. However, at a relatively low temperature of 673 K, the measured scaling exponent = 0.24± 0.03 is smaller than the smallest value of 1 / 3 predicted by the standard nucleation theory ͓Fig. 2͑a͔͒, 10, 11 whereas measurements at a higher temperature of 723 K yield the scaling exponent = 0.6± 0.1 which is within the limits of the standard model. As will be shown later, the nonstandard scaling observed at T = 673 K results from the multistage character of the nucleation process.
The densities of single clusters n s and cluster pairs n p could also be approximated by power-law dependencies such as n s ϳ F ␤ and n p ϳ F ␥ . The fit of the experimental data yields ␤ = −0.1± 0.1 and ␥ = 0.44± 0.1 at T = 673 K ͑␤ = 0.7± 0.1 and ␥ = 1.2± 0.3 at T = 723 K͒. As can be seen, the flux dependence of the density of cluster pairs is characterized by a larger slope than similar dependencies for single clusters and 2D islands. Interestingly, both at low and high temperatures, ␥ is about two times larger than . The relation between ␥ and ␤ seems to be more complicated.
The temperature dependencies of the densities of single clusters, cluster pairs, and 2D islands also demonstrate different behavior at low and high T. As can be seen from Fig.  3 at the lower end of the explored temperature range, i.e., for 613 K Ͻ T Ͻ 680 K, the Arrhenius plots of n s , n p , and N 2D are characterized by smaller slopes than at higher temperatures. From the low-T part of the plot ͑613 K Ͻ T Ͻ 680 K͒, the following estimates for characteristic energies of the formation of single clusters, cluster pairs, and 2D islands are obtained: E s = −0.49± 0.03 eV, E p = 0.63± 0.04 eV, and E 2D = 0.24± 0.05 eV. Interestingly, for single clusters, not only the absolute value but also the sign of the slope changes: at low T, the density of small clusters n s is an increasing function of the growth temperature. It will be shown below that this untypical behavior is also related to the multistage mechanism of the 2D nucleation on Si͑111͒-7 ϫ 7.
III. MODEL

A. Rate equations
The analysis of rate equations is known to be a powerful tool to study scaling of the submonolayer island density with the deposition flux and growth temperature. Here, we propose a minimal rate-equation model that captures the multistage character of the 2D Si nucleation on Si͑111͒-7 ϫ 7. It is assumed that the nucleation of a 2D Si island on Si͑111͒-7 ϫ 7 proceeds in the following three steps shown in Fig. 1͑b͒ : ͑i͒ a stable cluster forms in an unoccupied HUC, ͑ii͒ the second stable cluster appears in the neighboring HUC of the same unit cell, ͑iii͒ the reconstruction is locally lifted in the unit cell occupied by the cluster pair and the pair transforms to a 2D island. This multistage nucleation mechanism can be described quantitatively by the following set of rate equations for the densities of adatoms n 1 , single clusters n s , cluster pairs n p , and 2D islands N 2D ,
Here, G is the flux of adatoms incorporating into the 2D islands: G = av Dn 1 N 2D , where av is the average capture number of the 2D islands 10, 11 and D = exp͑−E d / k B T͒ is the surface diffusion coefficient ͑ =10 13 s −1 is the attempt frequency, E d is the adatom diffusion barrier, and k B is the Boltzmann constant͒. The flux G * describes accumulation of adatoms in single clusters and cluster pairs together with the consumption of adatoms in course of the transformation of the cluster pairs into 2D islands. J s , J p , and J 2D are the rates of formation of single clusters, cluster pairs, and 2D islands, respectively. This set of equations extends the rate equations used in the standard nucleation models 10, 11 by including Eqs. ͑2͒ and ͑3͒ which describe the birth and death of stable single clusters and cluster pairs.
The cluster formation rate J s is calculated in the standard way using the critical nucleus approximation. 10, 11 If i is the size of the critical nucleus to form a stable cluster, then
where E i is the energy to dissociate the nucleus into single adatoms and i is the capture number. The formation of cluster pairs represents a heterogenous process where single clusters serve as the nucleation centers for the pairs. Therefore, the rate of pair formation must be proportional to the density of single clusters n s . Assuming that the formation of the stable cluster nearby an already occupied HUC proceeds through the formation of the critical nucleus of size j, one writes
It should be noted that the critical sizes i and j, as well as the dissociation energies E i and E j , may be different. Moreover, even when i = j, the dissociation energies are not necessarily equal because the presence of a cluster in a HUC may modify the bonding configuration in the neighboring HUCs, e.g., by a charge transfer to the cluster. 25 Also, a kind of nonlocal attractive interaction between clusters and adatoms could exist, like in the case of metal clusters on Si͑111͒-7 ϫ 7. 26, 27 Like single clusters are precursors for cluster pairs, the pairs are precursors for 2D islands. However, the transformation of a cluster pair to a 2D island requires not only accumulation of additional atoms but also a structural transformation involving both the atoms constituting the clusters and atoms belonging to the surface. The atomic scale details of this process are not really clear at the moment, but one may expect that there is an energy barrier that must be surmounted in order to launch the transformation. Applying again the concept of critical nucleus, we write down the nucleation rate as
Here, k is the corresponding capture number, and k + 1 is the number of additional atoms which have to be accumulated by the cluster pair to make the pair-to-2D island transformation possible. The activation barrier ͑additional to E d ͒ that must be surmounted to start the transformation process is included into the parameter E k which also contains the contribution from the dissociation energy of the critical nucleus.
B. Scaling relations
We are searching for the solutions of rate equations ͑1͒-͑4͒ which allow the power-law scaling of the densities of single clusters, pairs, and 2D islands with the deposition flux and the Arrhenius dependence on the growth temperature:
Here, E s , E p , and E 2D are the characteristic energies of the formation of single clusters, pairs, and 2D islands, respectively. We replace time t in Eqs. ͑1͒-͑4͒ by the surface coverage = Ft and treat as the independent variable. 10 Then, we consider the steady-state stage of growth when atoms entering the surface from the molecular beam incorporate, for the most part, into the edges of 2D islands. 10, 11 In this case, n 1 Ϸ F / av DN 2D and the scaling relations ͑8͒-͑10͒ take place in the four regimes of nucleation, as listed below ͑see Fig. 4͒ . Mathematically, each of these four regimes represents a particular case of the rate equations where the second term in the right part of Eqs. ͑2͒ and ͑3͒ is either neglected or put equal to the first term. In these cases, the scaling exponents and the relations among the characteristic energies might be found using simple algebra after substitution of Eqs. ͑8͒-͑10͒ into the rate equations.
Regime I is the steady-state regime of nucleation when the formation of single clusters is balanced by their transformation to cluster pairs ͑J s Ϸ J p ͒ and the formation of the cluster pairs is balanced by their transformation to 2D islands ͑J p Ϸ J 2D ͒. In this regime, the 2D nucleation rate occurs to be FIG. 4 . ͑Color online͒ Four regimes of nucleation of 2D Si islands on the Si͑111͒-7 ϫ 7 surface. Short arrows mark slow nucleation stages.
equal to the rate of formation of the smallest stable cluster ͑single cluster͒, so that the presence of any intermediate stable objects ͑e.g., cluster pairs͒ does not affect the scaling of the 2D island density and the scaling exponent has its canonical form = i / ͑i +2͒.
In regime II, the formation of single clusters is balanced by their transformation to cluster pairs ͑J s Ϸ J p ͒, but the transformation of the cluster pairs to 2D islands is strongly delayed, e.g., due to the high activation barrier for reconstruction removal. In this case J p ӷ J 2D , and accumulation of cluster pairs takes place. This yields a nonstandard scaling of the 2D island density with = ͑i + k͒ / ͑i + k +3͒. Thus, the scaling exponent in regime II depends not only on the size of the smallest critical nucleus i but also on k, i.e., on the number of additional atoms which a cluster pair must accumulate to launch its transformation to a 2D island.
Regime III represents an opposite case when the pairs easily transform to 2D islands ͑J p Ϸ J 2D ͒ but single clusters accumulate at the surface due to their delayed transformation to cluster pairs ͑J s ӷ J p ͒. This regime is characterized by the scaling exponent = ͑i + j͒ / ͑i + j +3͒.
Regime IV is the regime where both the pair formation and their transformation to 2D islands are delayed in comparison with the formation of single clusters ͑J s ӷ J p ӷ J 2D ͒. This nucleation regime also results in a nonstandard scaling of the 2D island density:
The full set of the scaling exponents, including those for single clusters and cluster pairs, is given in the first half of Table I . The second half of the table contains the dissociation energies E i , E j , E k , and the adatom diffusion barrier E d expressed through the experimentally measurable characteristic energies E s , E p , and E 2D .
IV. DISCUSSION
In order to apply the developed model for a quantitative analysis of the data presented in Figs. 2 and 3 , one has to ascertain first which of the four nucleation regimes is realized in the experiment. Since, as we will see later, an unambiguous identification of the nucleation regime at high deposition temperatures is hardly possible, we will concentrate on the data obtained at 613 K Ͻ T Ͻ 680 K, i.e., at the lower end of the explored temperature range.
The signature of the low temperature nucleation regime in our experiments is the surprisingly low scaling exponent of 2D islands ͑ = 0.24± 0.03͒. Also, the density of single clusters demonstrates a very weak flux dependence ͑␤ = −0.1± 0.1͒. Those two observations unambiguously identify the nucleation regime in our low-T experiments as regime II. As can be seen from Table I , the best fit to the experimental dependencies in Fig. 2͑a͒ is achieved in the regime II with i = j = 1 and k = 0. This set of parameters yields ␤ =0, ␥ = 0.5, and = 0.25 in good agreement with the experiment. As i = j = 1, a dimer formed by two Si adatoms represents a stable nucleus both for formation of a single stable cluster and the second stable cluster in a neighboring HUC. The zero value of k indicates that only one additional atom is required to trigger the reconstruction removal beneath the cluster pair.
With the critical sizes known from the flux dependencies, one could use the temperature dependencies of the cluster and island densities to estimate the energy parameters of the nucleation process. As a consistency check, one can evaluate the barrier for surface diffusion E d . Since the dimer is the stable nucleus for the single cluster ͑i =1͒, one has E i = 0 and a simple relation holds: E d =2E 2D + E p ͑see Table I͒ . Using E p = 0.63 eV and E 2D = 0.24 eV, as measured from the low-T part of Fig. 3 , one gets E d = 1.11 eV which is in excellent agreement with the results of recent ab initio calculations 28 and an earlier experimental estimate obtained with the atomtracking STM technique. 29 As can be seen from Table I , such a good agreement could not be achieved in regimes I, III, and IV. Now, we estimate the dissociation energy E j , which is the work to remove an unstable cluster of j atoms from the second half of a ͑7 ϫ 7͒ unit cell already occupied by a stable single cluster. Since j = 1, this parameter is a measure of the influence of a single Si cluster on the adatom bonding in the neighboring ͑empty͒ HUCs. Using the expression for E j in regime II from Table I and the measured value of E s , one obtains E j =−E s = 0.49 eV. This shows that the presence of a cluster in a HUC modifies the bonding configuration in the neighboring HUCs creating there traps for migrating adatoms. This explains naturally the experimentally observed trend for Si clusters to form pairs. It becomes also clear why at low T the density of single clusters increases with increasing growth temperature: when the temperature goes up, the 
role of the trap nearby an occupied HUC decreases, so that at high T, less cluster pairs form and more single clusters stay on the surface.
Since k = 0, only one additional atom is required to launch the transformation of the cluster pair to a 2D island. In this case, E k is simply the difference between the surface diffusion barrier E d and the activation barrier that must be surmounted to start the transformation process. Taking the measured values for E 2D and E p and the relevant expression from Table I , one gets E k = −0.15 eV. Altogether, the difference E d − E k = 1.26 eV represents an effective activation barrier for the transformation of the cluster pair plus one atom to a 2D island ͑an effective nucleation barrier͒. This barrier is the reason for delayed transformation of cluster pairs to 2D islands.
With the increasing growth temperature, overcoming of the nucleation barrier becomes more frequent and the rate of transformation of cluster pairs to 2D islands may become compatible with the pair formation rate ͑J 2D Ϸ J p ͒. Therefore, one would expect transition from regime II to regime I at higher T. This would result in an increase of the scaling exponent to the canonical value of 1 / 3. A larger value of 0.6 observed in the experiment at T = 723 K could be explained by an increase of the critical size i. The best fit to the experimental dependencies in Fig. 2͑b͒ is achieved in regime I with i =3, j = 1, and k = 0. However, an unambiguous identification of the high-T nucleation regime is hardly possible, because for each of four nucleation regimes, one could find a set of i, j, and k which would yield the scaling exponents ␤, ␥, and close to the experimentally measured values ͑see Table I͒. The transition from regime II to I and vice versa could also be achieved at a fixed T by changing the deposition rate. At lower rates, the cluster pairs would have more time to overcome the nucleation barrier, so that their accumulation on the surface will be prevented and the nucleation will proceed in the steady-state regime I. For instance, a power-law behavior of the 2D island density with a slope of 0.75 was observed at a temperature of T = 683 K and deposition rates below 0.07 BL/ min, indicating the critical cluster size i =6. 3 Finally, we note that the proposed nucleation mechanism could also be a property of the Ge/ Si͑111͒-7 ϫ 7 system. Similar to the growth of Si on Si͑111͒-7 ϫ 7, submonolayer deposition of Ge results in the formation of both small Ge clusters and larger 2D Ge islands. 30, 31 However, further systematical studies are necessary to identify the key stages of the 2D nucleation of Ge on Si͑111͒-7 ϫ 7.
V. SUMMARY
Using STM experiments and an extended rate-equation model, we have performed a detailed analysis of the mechanism of 2D nucleation at the early stages of Si/ Si͑111͒-7 ϫ 7 MBE growth. We showed that the nucleation of a 2D island on Si͑111͒-7 ϫ 7 proceeds in three steps. First, a small stable cluster occupying a half unit cell of the ͑7 ϫ 7͒ reconstruction is created. The presence of a cluster in a HUC increases the binding energy of adatoms in the neighboring HUCs by ϳ0.49 eV. This gives rise to the next stage of the nucleation process at which the second cluster forms within the same unit cell. As a result, the preferential formation of cluster pairs takes place. At low deposition temperatures ͑T Ͻ 680 K͒ and relatively high deposition rates ͑F Ͼ 0.2 BL/ min͒, the Si dimer represents the stable nucleus both for the formation of the single stable cluster and for the formation of the second stable cluster within the same unit cell. Third, after accumulation of a certain number of additional adatoms, the ͑7 ϫ 7͒ reconstruction is locally removed and the cluster pair transforms to a 2D island. To launch the transformation of the cluster pair to the 2D island, one additional atom has to be attached to the cluster pair. The effective barrier for the pair-to-2D island transformation is estimated to be about ϳ1.26 eV. This barrier delays the transformation of cluster pairs to 2D islands at low T. Accumulation of the pairs due to their delayed transformation to 2D islands results in a nonstandard scaling of the submonolayer density of 2D islands with the scaling exponent = 0.24 being smaller than that predicted by the standard nucleation theory.
